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(54) Surface acoustic wave device, sut>strate therefor and method of manufacturing the 
substrate 



(57) A sapphire single crystal wafer 11 having a 
diameter not less than two inches and having an off- 
angled surface which is obtained by rotating an R (1- 
102) surface about a [1 1 -20] axis in a negative direction 
by a given off-angle not less than 2** is introduced in a 
CVD apparatus. While the sapphire substrate is kept at 
a temperature about 950**C. a kxjffer layer made of gal- 
lium nitride or aluminum-galiium nitride is first deposited 
with an average thickness of 0. 1 -0.2 ^m, and then a alu- 
minum nitride single crystal layer is deposited with an 
average thickness not less than about 2 ixm. The thus 
okjtained aluminum nitride single crystal layer has not a 
significant amount of clacks, has an excellent piezoelec- 
tric property, and has a high propagating velocity 
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Description 

Background of the Invention 
Reldofthe Invention 

[0001] The present invention relates to a surface 
acoustic wave device, and a substrate for use in a sur- 
face acoustic wave device, and more particularly to a 
substrate conrprising a sapphire single crystal substrate 
consisting of a-Al203, a buffer layer fomried on said sap- 
phire single crystal substrate by the metat organic 
chemical vapor deposition (MOCVD), and an aluminum 
nitride single crystal layer formed on the buffer layer 
also by tiie MOCVD. The present invention also relates 
to a method of manufacturing the above mentioned sub- 
strate for use in a surface acoustic wave device. 

Related Art Statement 

[0002] Heretofore, substrates of surface acoustic 
^v/aviar devices havelbeen generally made of quartz, 
LiNbO^, LITaOa, LJ2B4O7 and others. These substrate 
materials have been utilized owing to a reason that they 
have excellent electro-mechanical coupling coefficient 
and temperature coefficient of delay time (TCD) 
which are important transmission properties of the sur- 
face acoustic wave devica While, the application of the 
surface acoustic wave devices has become wider and 
wider, and rt has been required to provide a surface 
acoustic wave device having a very high operation fre- 
quency. However, a propagating velocity of the surface 
acoustic wave In the above mentioned substrate materi- 
als is about 3000-5000 m/sec, and in order to realize a 
surface acoustic wave device having an operation fre- 
quency in ttie order of GHz. it is required to provide a 
substrate having a propagating velocity for the surface 
acoustic wave not lower tfian 5000-6000 m/sec. 
[0003] As stated above, in order to realize a surface 
acoustic wave device having a very high operation fre- 
quency, rt is necessary to use a substrate having a high 
propagating velocity. For this purpose, it has been pro- 
posed to use a substrate including an aluminum nitride 
(AIN). An electromechanical coupling coefficient V? of 
the aluminum nitride is about 0.8% which is higher tiian 
that of quartz by about five times, and a temperature 
coefficient of delay time TCD of tiie aluminum nitride is 
not larger than 20 ppm/°C. However, tiie aluminum 
nitride has a very high melting point, and therefore It is 
difficult to ot>tain a large t)ulk aluminum nitride single 
crystal. Due to this fact, in general, an aluminum nitride 
single crystal layer is formed on a sapphire single crys- 
tal substrate made of a-Al2Q3. Such a sapphire single 
crystal substrate has been used owing to a reason tiiat 
it is easily available and its lattice constant does not dif- 
fer largely from that of the aluminum nitrlda 
[0004] As stated above, it has been proposed to 
use the substrate in wtiich the aluminum nitride layer is 



deposited on the sapphire substrate. The inventors of 
tiie instant application have conducted various experi- 
ments, in which after perfbnning an initial nitriding treat- 
ment by exposing an R(1-102) surface of a sapphire 

5 substrate to an atmosphere of ammonia to form a very 
thin aluminum nitride single crystal film, an aluminum 
nitride single crystal layer is deposited on tiie aluminum 
nitride single aystal film by tiie metal organic chemical 
vapor deposition (MOCVD). For instance, a sapphire 

10 single crystal substrate was placed in a CVD apparatus, 
and then trimethylaluminum (TMA} and simmonia (NH3) 
were introduced into tiie CVD apparatus to deposit an 
aluminum nitride single crystal layer on tiie sapphire 
substrate. It was confirmed tiiat the aluminum nitride 

rs single crystal layer tiius formed by the MOCVD method 
has a good electromechanical coupling coefficient K^. 
[0005] In tiie experiments, use was made of a very 
small sapphire substrate of a square shape having a 
side of 5 mm. In order to manufacture substrates for sur- 

20 face acoustic wave devices on a practically acceptable 
large scale, it is necessary to use a sapphire wafer not . 
less than two Inches (50.8 mm). To this end, it is neces^" 
sary to establish a method, in which an aluminum nitride 
single crystal layer has to be formed on a surface of tiie 

25 two inch sapphire single crystal wafer, then a desired 
electrode pattern has to be formed on tiie aluminum 
nitride layer, and finally the sapphire single crystal wafer 
has to be divided into cfnps by slicing. 
[P006] In one of the experiments conducted t^y the 

30 inventors, use was made of a two inch sapphire single 
crystal wafer having a thickness of 300-500 a first 
aluminum nitride single crystal film was fonmed on tiie 
sapphire wafer by means of the at>ove mentioned initial 
nitriding treatment, a second aluminum nitride single 

35 crystal layer having a thickness not less than 1 (im was 
formed on tiie first aluminum nitiride single crystal film by 
MOCVD, and finally the sapphire single crystal wafer 
was divided into a number of surface acoustic wave 
deuces. It has been experimentally confirmed that a 

40 number of clacks were formed in tiie aluminum nitide 
single crystal l€^er with a mutual spacing of about 1 
mm. Surfeice acoustic wave devices were manufiactured 
using tiie tiius obtained substrates. Then, it was experi- 
mentally confirmed that propagation loss of the thus 

45 obtained surface acoustic wave devices was very large 
and the property of the device is deteriorated. In tiiis 
manner, it has been experimentally confirmed that prac- 
tically usable surface acoustic wave devices could not 
be manufiactured using the above mentioned sapphire 

50 Single crystal substrate. 

[0007] In a field of manufacturing light emitting sem- 
iconductor devices (LED), it has been known to use a 
substrate including a sapphire single crystal substrate 
and a lll-V compound single crystal layer such as GaN 

55 and AIN single crystal layer formed on the sapphire sin- 
gle crystal substrate. In order to prevent clacks from 
being formed in the lll-V compound single crystal layer, 
it has been proposed to form a tiiin buffer layer on the 
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sapphire single crystal substrate prior to the formation 
of the lll-V compound single crystal layer. The inventors 
have introduced this method in the formation of a sub- 
strate for the surface acoustic wave devices. That is to 
say, a very thin buffer layer consisting of an aluminum 
nitride single crystal film having a thickness of about 5- 
50 nm was first formed on a sapphire single crystal sub- 
strate, and then a thick aluminum nitride layer was 
formed on the buffer layer. In this case, during the for- 
mation of the buffer layer consisting of the relatively thin 
first aluminum nitride single crystal layer, a surface tem- 
perature of the sapphire substrate was kept to a lower 
temperature such as 300-450''C, and then the substrate 
was heated to 900-1 100*C during the formation of the 
relatively thick second aluminum nitride single crystal 
layer. The tiius formed aluminum nitride layer was firee 
from clacks. However, its electro-mechanical coupling 
coefficient has become to substantially zero and the 
aluminum nitride single aystal layer looses the piezoe- 
lectric property It is apparent that such a &ut}strate 
could never be used as the substrate for the surface 
: acoustic iiwav^ dfevice. Jathe light emitting semiconduc- 
tor device, the lost of the piezoelectric property does not 
matter at all. but in tiie surface acoustic wave device, 
tiie piezoelectric property is indispensable. A reason for 
disappearing the piezoelectric property by providing the 
buffer layer could not yet be clarified, but upon observ- 
ing the microstojcture of tiie surface of aluminum nita-ide 
single crystal layer, it has been confirmed ttiat many 
twins were formed in the surfsu^e. 
[0008] The inventors have proposed, in U.S. Patent 
Application No. 08/936,614 (con^esponding to EP 0833 
446 A2). a substrate for a surface acoustic wave device, 
in which tiie formation of clacks can be effectively pre- 
vented even by using a sapphire single aystal wafer 
having a size not smaller tiian two inches. 
[0009] TTiis known 6ii)8trate for use in a surface 
acoustic wave device connprising a sapphire single crys- 
tal substrate made of a-AlgOs and an aluminum ntti^ide 
single crystal layer formed on a surface of said sapphire 
single crystal substrate, wherein said surface of the 
sapphire single crystal substrate is formed by an off- 
angled surface which is obtained by rotating an R(1- 
102) surface about a [1 1-20] axis by a given off-angle, 
and said aluminum nitride single crystal layer is formed 
by a buffer layer consisting of an aluminum nitride ^ngle 
crystal film deposited on said off-angled surface of the 
sapphire single crystal substrate by MOCVD and an 
aluminum niti'ide single crystal layer deposited on the 
buffer layer by MOCVD. 

[001 0] In this substrate for a surface acoustic wave 
device, tiie first aluminum niti-ide single aystal layer 
sending as the buffer layer has a thickness of 5^0 nm, 
particularly about 10 nm. and tiie second alun^um 
nitride single crystal layer has a tiiickness not less ttian 
1 \UT\. Such two-layer structure is formed by oonti-olling 
a temperatijre of the sapphire substrate surface, while 
the wafer is placed in a CVD apparatus. That is to say. 



when the buffer layer is deposited, the substrate tem- 
perature is set to 300-450<'C. particularly about 350^C, 
and when tiie second aluminum nitride layer is depos- 
ited, tiie substrate temperature is adjusted to 900- 

5 1100*C, particularly about 950°C. . 

[001 1 ] However, in practice, it is very difficult to fam 
tiie first aluminum nitride single crystal layer having a 
very small average thickness at a relatively low temper- 
ature in a reproducit)le manner. Therefore, a manufac- 

10 turing yield of such a substrate is low. This results in that 
tiie SLibsbBte for a surface acoustic wave device having 
a good property could not be obtained and a practical 
surface acoustic wave device comprising the aluminum 
niti'ide single crystal substrate has not been proposed. 

15 

Summary of the Invgntion 

[0012] The present invention has for its object to 
provide a novel and useful substrate for a surface 

20 acoustic wave device, which has an excellent property. 
[001 3] It is another object of the invention to provide 
a metiiod of manufacturing ttie above mentioned sub^- 
strata for a surface acoustic wave device in an easy and 
reliable manner. 

25 [0014] According to tiie invention, a substrate for 
use in a surface acoustic wave device comprises a sap- 
phire single crystal substrate made of a-Al203. a buffer 
layer formed on the sapphire single crystal sidDstiBte, 
said buffer layer being made of a material selected from 

30 ttie group consisting of gallium nitride and aluminum- 
gallium nitride, and an aluminum nitride single aystal 
layer formed on said buffer layer witii an average thick- 
ness larger tiian tiiat of the buffer layer 
[0015] In a preferable embodiment of ttie substrate 

35 for a suriace acoustic wave device according to the 
invention, said buffer layer is formed on an off-angled 
surface of the sapphire single aystal 8ut>strate oljtained 
by rotating an R(1-102} surface about a [11-20] axis by 
a given off-angle. In tiiis case, it is particularly preferable 

40 ttiat ttie off-angled surface is formed by rotating the R(1 - 
102) surface about the [1 1-20] axis by substantially •^^ 
It has been confirmed that in such a substrate for a sur- 
face acoustic wave device, substantially no clacks have 
been formed. 

45 [0016] In preferable embodiments of the surface 
acoustic wave devrce. said buffer l^er consisting of ttie 
aluminum nitride or aluminum-gallium nitride film has an 
average thickness of about 0.1-0.2 ixm and said alumi- 
num nKride single crystal layer fbniied on tfie buffer 

50 layer has an average ttiickness of about 2 jim. Accord- 
ing to the invention, since tiie buffer layer can have a rel- 
atively large average thickness, it can be produced 
simply Moreover, since ttie aluminum nitride single 
aystal layer formed on the buffer layer can also have a 

55 large ttiickness, It is possible to realize ttie substrate for 
a surface acoustic wave devkie having ttie electrome- 
chanical coupling coefficient of about 0.8 % and TCP 
at a center frequency is about -20 ppmT'C. 
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[0017] It should be noted that according to the 
Invention, the buffer layer consisting of the aluminum 
nitride film or aluminum-gallium nitride film is not formed 
on the sapphire single crystel sut>strate to be smooth, 
but has protrusions and depressions. Therefore, when s 
the buffer layer has a small thickness, on the sapphire 
substrate surface, there are formed areas in which no 
aluminum nitride or aluminum-gallium nitride is present. 
TTierefbre. a surface of the aluminum nitride single crys- 
tal layer fbrnied on the buffer layer has also protrusions io 
and depressions. Therefore* a thickness of the buffer 
layer having protrusions and depressions Is repre- 
sented as an average thickness. Furthermore, it should 
be noted that an average thickness of the aluminum 
nitride single crystal layer is an average thickness after is 
polishing the surface thereof. Prior to the polishing, the 
aluminum nitride single crystal layer has an average 
thickness not less than 3 \wn. 
[0018] According to the invention, a method of man- 
ufacturing a substrate fa use in a surface acoustic wave 20 
device comprises the steps of; 

preparin g a sapp hifp ^nglft nrystal iajhstrate made 
of a-Al203 and having an off-angled surface which 
is obtaihed'by rotating an R(1-102) surface about 25 
[1 1-20] axis by a given off-angle; 
depositing by MOCVD, on said off-angted surface 
of the sapphire single crystal substrate, a buffer 
layer made of a material selected from the group 
consisting of aluminum nitride and aluminum-gal- 30 
Hum nitride; arxJ 

depositing, on said buffer layer, an aluminum nitride 
single ayslal layer by MOCVD. 

[0019] In a preferable embodiment of the method 3S 
according to further aspect of the Invention, saki off- 
angled suriace of the sapphire single crystal substrate 
is obtained by rotating the R(1-102) surface about the 
[1 1 -20] axis by an off-angle not less than about -2^ than 
said buffer layer consisting of aluminum nitride or alumi- 40 
num-gallium nitride is deposited by MOCVD, and finally 
the aluminum nitride single crystal layer Is deposited on 
the buffer layer by MOCVD. 

[0020] In the method according to the invention, 
said buffer layer and aluminum nitride single crystal 45 
layer may be deposited by MOCVD, while the sapphire 
single crystal substrate is heated to a temperature not 
lower than 900*'C. Upon compared with the known proc- 
ess in which the buffer layer is deposited at a lower tem- 
perature, the method according to the inventton is so 
simple. 

[0021 ] Moreover, according to the invention, prior to 
the deposition of the buffer layer by MOCVD, an initial 
nitrldtng treatment m ay be conducted after hydrogen 

annealing. By performing such an initial nitrlding treat- ss 
ment, aj/pry thfP ait^minum nitride sinqla crystal film 
h aving a thickness not larger than 1 00 A on the sapph i[e 
singlg^^yftfnf Tvhfitra te suriiace. a nd the above men- 



tioned buffer layer is formed on this film. 
Brief Description of the Drawings 
[0022] 

Fig. 1 is a cross sectional view showing a first step 
of the method of manufacturing the substi^te for 
use In a surface acoustic wave device according to 
the Invention; 

Fig. 2 is a cross sectional view depicting a next 
step; 

f^g. 3 is a cross sectional view illustrating a next 
step; 

Fig. 4 is a schematic perspective view showing the 
R(1-102) surface of a sapphire single aystal sut^ 
strata and tiie (1-210) suriace of an aluminum 
nitride single crystal layer; 
Rg. 5 is a schematic view representing a direction 
of rotation of ttie R(1-102) surface of the sapphire 
substrate about the a-axis to perform the off-angle; 
Rgs. 6A, 68 and 6C are schematic views explaining 
a relationship between the R-surface and the c-axis 
when tiie R-surface is rotated about ttie a-axis; 
i^g. 7 is a graph showing a change in a suriace 
tenrperature of the sapphire single crystal substrate 
during the MOCVD in tiie metiiod according to tiie 
invention; 

Rg. 8 is a graph showing a relationship between a 
rotation angle of the R surface of the sapphire sin- 
gle crystal substrate about the a-axis and a dack 

generation rate; 

Rg. 9 is a graph showing a relationship between an 

average ttiickness of the gallium nitride buffer layer 

and a generatkm of dacks; 

Rg. 10 is a schematic plan view illustrating an 

embodiment of the surface acoustic wave devtoe 

oo(TV)rising the substrate according to the invention; 

and 

Rg. 1 1 is a graph representing a temperature coef- 
ficient of a center frequency of the substrate 
according to the Invention. 

Description of tiie Preferred Embodiments 

[0023] Figs. 1-3 are cross sectional views showing 
successive steps of an embodiment of the method of 
manufacturing tiie substrate for a surface acoustic wave 
device according to the invention. 
[0024] At first, as illustrated in Rg. 1 , a sapphire sin- 
gle crystal wafer 1 expressed by a composition of a- 
AI2O3 is prepared. The sapphire single crystal wafer 1 
has a diameter of two inches and a tiiickness of about 
450 ^m. In the present Invention, an aluminum nitride or 
aluminum-gallium nitride buffer layer is deposited on tiie 
sapphire wafer 1 , and an aluminum nitride single crystal 
layer is d eposited on the Dutrer iayer. T he sapphire sin- 
gle crystal substrate 1 has an off-angled suriace 
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obtained by rotating an R(1-102) surface about a [11- 
20] axis by a given off-angle. 
[0025] Fig. 4 sliows the R(1*102) surface as well as 
the [11-20] axis of the sapphire wafer 1. [11-20] axis 
being denoted by an a-axis. As stated above, according 
to the invention, the R(1-102) surface of the sapphire 
single crystal wafer is rotated about the a-axis. In this 
case, the rotation may be perlbmfied in both directions, 
i.e. positive and negative directions as shown by anrows 
In Fig. 4. 

[0026] Fig. 5 is a schematic view for defining the 
direction of the rotation of the R-surface about the a- 
axis. Here, a rotation in the clockwise direction is 
denoted as + direction and a rotation in the anti-clock- 
wise direction is denoted as • direction. In Fig. 5. there 
is also shown a c-axis. An angle between the c-axis and 
the R-surface is shown in Rgs. 6A-6C. Fig. 6B illustrates 
a case of no or zero off-angle. Fig. 6A shows a case in 
which the R-surface is rotated in the - direction and Fig. 
6C depicts a case in which the R-surface is rotated in 
the.+ direction. According to the invention, the R-surface 
is rbtatedln- diredion to si^ressieffMively the gener- 
ation of clacks. 

[0027] As shown in Rg. 2, a buffer layer 2 consisting 
of a gallium nitride film is deposited on the off-angled 
surface of the sapphire single aystal wafer 1 by the 
metal organic chemical vapor deposition (MOCVD), 
said off-angled surface of the sapphire surface being 
obtained by rotating the R-surface about the a-axis in 
the - direction. 

[0028] As stated above, there are formed protru- 
sions and depressions in a surface of the gallium nitride 
film 2, so that when its thickness is small, there are 
formed areas at which no gallium nitride is deposited. 
Therefore, a thickness of such a gallium nitride film 2 is 
expressed by an average thickness. 
[0029] In the present embodiment, the buffer layer 2 
consisting of the gallium nitride film has an average 
thickness of 0.13 fim. According to the invention, the 
gallium nitride layer 2 has preferably an average thick- 
ness not less than 0.1 ]im in order to suppress the for- 
mation of dacks. 

[0030] Next, as depicted in Rg. 3. an aluminum 
nitride single crystal layer 3 is deposited on the gallium 
nitride layer 2 also by MOCVD. In this manner, accord- 
ing to the invention, on the surface of the sapphire sin- 
gle crystal substrate 1, is first deposited the gallium 
nitride layer 2, and then the aluminum nitrkle single 
crystal layer 3 is deposited on the gallium nitride layer 2. 
[0031 ] As explained above, in the surface of the alu- 
minum nitride single crystal layer 3, there are also 
formed protrusions and depression corresponding to 
those fomned in the surface of the gallium nitride buffer 
layer 2. and electrodes of a surface acoustic wave 
device could not be formed on such a surface of the alu- 
minum nitride single crystal layer 3. Therefore, the sur- 
face of the aluminum nitride single crystal layer 3 is 
polished into a smooth surface. A thickness of the thus 



polished aluminum nitride layer 3 is expressed as an 
average thickness. 

[0032] As explained above, the surface of aluminum 
nitride single crystal layer 3 formed on the off angled 

5 surface of the sapphire single crystal substrate 1 is the 
R(1-210) rotated by an angle conesponding to the off- 
angla In Fig. 4, this (1-210) surface of the aluminum 
nitride single crystal layer 3 is also shown. 
[0033] In tiie present embodiment the aluminum 

10 nitride single aystal layer 3 has an average thickness of 
atx)ut 2.3 Mm. According to the invention, in order to 
attain a desired surface acoustic wave property, it is 
preferable that an average thickness of the aluminum 
nitride single crystal layer 3 is not less than about 2 ^m. 

15 [0034] After depositing tiie gallium nitride layer 2 
and tiie aluminum nitride single crystal layer 3 succes- 
sively by MOCVD, a desired interdigital type electrode 
pattern is formed on the aluminum nitride single aystal 
layer 3 witfi tiie aki of the conventional method. Then, 

20 tiie sapphire single crystal wafer 1 having the layers 2 
and 3 and the interdigital electrode patter formed ther- 
eon is divkled into chips by the conventional slicing 
technique. The thus obtained chips are placed in pack- 
ages, given conducting wires are secured to electrodes. 

25 and finally the packages are sealed in an air-tight man- 
ner. In this manner, a surface acoustic wave device can 
be obtained on a mass production scale. 
[0035] Now an example of depositing the gallium 
nitride layer 2 and aluminum nitride single crystal lave r 

30 3 will be explained . 

<|0536] As shown in Fig. 7. at first tiie sapphire sin- 
gle crystal wafer 1 having the off-angled surface is intro- 
duced into a CVD apparatus and then is heated to a 
temperature of about lOOO^'C, while a hydrogen gas is 

35 introduced into the CVD apparatus to subject tiie sap- 
phire wafer 1 to tiie hydrogen annealing for atKxit thirty 
minutes. During tiie deposition of layers, the CVD appa- 
ratus is maintained at a pressure of about 15 Tons. 
Next, the temperature of tiie sapphire single aystal 

40 wafer 1 Is deaeased to about SSO^'C, and after that an 
initial nitrldinfl treatp nont is pftrf ormad bv introdudna an 
ammonia (NH3) ga s at a flow rate of 1-5 littersAnin for 
about ten minutes into the CVD apparatus together witii 
a canier gas consisting of hydrogen or nitrogen. During 

45 tills Initial nitriding treatment, on tiie surface of the sap- 
phire single crystal substrate 1 is formed a very tiiin 
AINO film having an average thickness of about several 
tens miaon-meters. This thin fflm is not shown in Rg. 2. 
[0037] Then, a trimethylgalllum (TMG) gas and an 

50 ammonia gas are introduced into the CVD apparatus at 
flow rates of about 25 ^mole/hfiin and about 2 litters/min, 
respectively for about ten minutes to deposit gallium 
nrti'ide to form tiie gallium nitride layer 2 having an aver- 
age thickness of about 0. 1 3 fim. After that, a trimettiyla- 

55 luminum (TMA) gas and an ammonia gas are 
introduced into the CVD apparatus for one hundred and 
twenty minutes at flow rates of 30 ^lmole/h1in and 1 -5 llt- 
ters^min. respectively to deposit the aluminum niti-ide 
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single cr/stal layer 3 with an average thickness of about 
2.3 |im. TTien, only the hydrogen can-ier gas is supplied 
and the sapphire single crystal substrate 1 is gradually 
cooled down to the room tenperatura 
[0038] In the manner explained above, according s 
the invention, the gallium nitride buffer layer 2 and the 
aluminum nitride single crystal layer 3 can be succes* 
sively deposited without removing the sapphire wafer 1 
from the CVD apparatus, and moreover the sapphire 
single crystal substrate is kept to a constant tempera- 
ture, the manufacturing process is very simple. 
[0039] According to the invention, use is made of 
the sapphire single crystal substrate or wafer 1 having 
the off-angled surface which is obtained by rotating the 
R(1-102) surface about the [11 -20] axis by a given off- 
angle. Now a relationship between the off-angle and the 
generatk>n of clacks will be explained. In a graph shown 
in Fig. 8, the rotation angle of the R(1-102) about the 
[11-20] axis is denoted on the horizontal axis, and the 
clack generation rate Is represented on the vertical axis. 
The off-arigle is changed within a range from +4^ to -4<*. 
As can be understccd^fromii=1gVia)^h^ Is 
zero. i.e. when the R-surface is not rotated, the deck 
generation rate amounts to a large value about 70%, 
and the clack generation rate is further increased when 
the R-surface is rotated in the + direction. However, 
when the R-surface is rotated in the - direction, the clack 
generation rate is decreased abruptly. When the - rota- 
tion exceeds 2**, the dack generatton rate becomes sub- 
stantially zero. 

[0040] Rg. 9 is a graph showing a variation of the 
clack generation rate when an average thictaiess of the 
gallium nitride buffer layer 2 is changed. The gallium 
nitride buffer layer 2 is formed on the sapphire single 
crystal substrate 1 having the off-angle of -4*,' and the 
aluminum nitrkfe single crystal layer 3 having an aver- 
age thickness of 2 ^m is deposited. The clack genera- 
tion rate is evaluated by the numt>er of clacks induced in 
a three inch wafer. 

[0041] As can be seen from Fig. 9, when an aver- 
age thk:kne88 of the gallium nitride buffer layer 2 is 
smaller than 0.1 |im. the practically obstacle nurrber of 
clacks are induced, but when an average thickness of 
the gallium nitride buffer layer 2 is larger than 0.1 ^,m, 
the generation of clacks is extremely suppressed. When 
an average thickness of the gallium nitrcle buffer layer 2 
is larger than 0.2 ^m, there is no remarkable change In 
the reduction of the clack generatton rate, and therefore 
it is preferable that the gallium nitrkJe buffer layer has an 
average thickness of 01-0.2 ^m. 
[0042] Rg. 10 is a plan view showing an embodi- 
ment of the surface acoustic wave device acoorcRng to 
the invention comprising the substrate explained above. 
In the present embodiment, the surface acoustic wave 
device is formed as a surface acoustic wave filter, whteh 
conrprises a sapphire single crystal substrate, a gallium 
nitride buffer layer deposited on the sapphire substrate 
with an average thickness of 0.1 iim and an aluminum 



nitride single aystal layer deposited on buffer layer with 
an average thickness of 2.3 p.m. and an electrode struc- 
ture is deposited on the aluminum nitride single crystal 
layer. In the present embodiment, an input skJe trans- 
ducer 23 is formed by regular type interdigital elec- 
trodes 21 and 22 whose adjacent electrode fingers are 
Interdigitally crossed each other, and an output side 
transducer 26 is arranged to be separated from the 
input side transducer 21 by a predetermined distance, 
said output side transducer being also formed by regu- 
lar type interdigital electrodes 24 and 25 whose adja- 
cent electrode fingers are aossed with each other in an 
interdigital manner. The aluminum nitride single crystal 
layer on which the electrodes are deposited has a very 
high propagating velocity for a surface acoustic wave 
not k)wer than 5000 m/sec, and thus by suitably setting 
wkJths of electrode fingers and distances between adja- 
cent electrode fingers, it is possible to realize the sur- 
face acoustic wave filter having a very high operation 
frequency of an order of GHz. 
[0043] Rg. 11 Is a graph showing TCF (Tempera- 
ture Coefficient off Requency) at a center frequency of 
the surface acoustic wave device shown in Rg. 10. In 
this embodiment, a designed center frequency is 2500 
MHz and a wavelength X is 2.25 ^m. TCF is theoretically 
expressed by (f-f o)/f o(PPn^) . where fo is the center fre- 
quency. As can be understood from this graph, the sur- 
face acoustic wave devk;e according to the invention 
can have TCF of -20 ppnV^C, which is close to a theo- 
retical value. 

[0044] The present invention Is not limited to the 
embodiments explained above, but many altemations 
and modifications nnay be conceived by those skilled in 
the art within the scope of the Invention. 
[0045] For instance, In the above embodiment, the 
buffer layer is consisting of the gallium nitride layer, but 
it may be consisting of an aluminum-gallium nitride (Al- 
Ga-lNQ layer. In this case, a composition ratio between 
aluminum and gallium may be adjusted over a wide 
range by controlling flow rates of NH3, TMG and TMA 
during the MOCVD process. Further, the composition of 
the aluminum-gallium nitride buffer layer may be 
changed in a direction of a thickness. For instance, a 
flow rate of TIVIQ is gradually increased and at the same 
time a fk>w rate of TMA is gradually decreased. The 
effects obtained by tiie above embodiment can be 
equally obtained by using the aluminum-gallium (Al-Ga- 
N) nitride as the buffer layer. 

[0046] Furthermore, in the above emkxidiment, use 
is made of the sapphire single crystal wafer having a 
diameter of tiiree inches, but according to the invention 
a sapphire single crystal wafer having a diameter which 
is smaller or larger tiian tiiree inches may be used. As 
stated above, the advantages of the present invention 
can be attained effectively when using large sapphire 
single crystal wafer, it is preferable to use a sapphire 
single crystal wafer having a diameter not less ttian two 
inches. 
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[0047] Moreo^^er, in the above embodiment, the sur- 
face acoustic wave device according to the invention is 
realized ae the surlace acoustic wave filter having the 
regular type interdlgltal electrodes, but the surfece 
acoustic wave filter may comprise any other type of s 
electrodes or weighted electrodes. FurUier, the surface 
acoustic wave device may be realized as surftee acous- 
tic wave resonator or delay line. 
[0048] As explained above in detail, according to 
the invention, it Is possible to provide the aluminum io 
nitride single crystal layer which has no clack, a suffi- 
ciently high electromechanical coupling coefficient K^, a 
sufficiently small TCP at the center frequency, and a 
high propagating velocity for the surface acoustic wave 
even if the sapphire single crystal wafer of not less than is 
two inches is used. Therefore, surface acoustic wave 
devices having excellent property and an extremely 
high operation frequency can be realized at a low cost. 
Moreover, the buffer layer can have a sufficiently large 
average thickness which can be controlled easily and 20 
accurately, and the deposition of the buffer layer can be 
performed at » high temperature; ^^efbrer4he manu- 
facturing process can be simplified and the manufactur- 
ing cost can be reduced. 

[0049] A sapphire single crystal wafer 1 1 having a 26 
diameter not less than two Inches and having an off 
angled surlace which is obtained by rotating an R (1- 
1 02) surbce about a [11 -20] axis in a negative direction 
by a given off-angle not less than 2° is introduced in a 
CVD apparatus. While the sapphire substrate is kept at 30 
a temperature at)0ut 950°C, a buffer layer made of gal- 
lium nitride or aluminum-gallium nitride is first deposited 
with an average thickness of 0.1-0.2 fim, and then aalu- 
minum nitride single CTystal l^er is deposited with an 
average thickness not less than about 2 }im. The thus 3S 
obtained aluminum nitrkle single crystal layer has not a 
significant amount of clacks, has an excellent piezoelec- 
tric property, and has a high propagating vek>city. 

Claims 40 

1. A substrate for use In a surface acoustic wave 
device comprising a sapphire single crystal sub- 
strate made of a-Al203, a buffer layer formed on the 
sapphire single crystal substrate, saki buffer layer 4s 
being made of a material selected from the group 
consisting of gallium nitrkie and alunrtinum-galllum 
nitrkle, and an aluminum nitnde single crystal layer 
formed on said buffer layer with an average thick- 
ness larger than that of the buffer layer. so 

2. The substrate according to claim 1. wherein said 
buffer layer is formed on an off-angled surface of 
the sapphire single crystal substrate obtained by 
rotating an R(M02) surface about a [1 1 -20] axis ss 
a given off-angle. 

3. The substrate according to claim 2, wherein said 



off-angled surface is formed by rotating the R(1- 
102) surface about the [11-20] axis in a negative 
direction. 

4. The substrate according to claim 3, wherein said 
off-angled surface is formed by rotating the R(1- 
102) surface about the [1 1-20] axis in the negative 
direction by an off-angle not less than about 2**. 

5. TTie substrate according to daim 1. wherein sakI 
buffer layer has an average thickness of substan- 
tially 0.1 -0.2 fim. 

6. The substrate according to claim 1. wherein sakJ 
aluminum nitride single crystal layer deposited on 
the buffer layer has an average thkdaiess not less 
that about 2 fim. 

7. The substrate according to daim 1, wherein said 
buffer layer is consisting of aluminum-gallium 
nitride layer whose composition Is varied. 

8. The substrate according to claim 7, wherein a com- 
position of said buffer layer consisting of aluminum- 
gallium nitride layer is gradually varied in a direction 
of thickness. 

9. The substrate according to daim 1, wherein sakl 
substrate has an electromechanical coupling coeff i- 
dent of about 0.8 % and a temperature coeffl- 
dent of frequency of about -20 ppm^C at a center 
frequency 

10. The substrate according to daim 1, wherein said 
aluminum nItrkJe single crystal layer has a polished 
surface. 

11. The substrate according to daim 1, wherein said 
- sapphire single crystal substrate is formed by a 

waf^r having a diameter not less than two Inches. 

12. A method of manufacturing a substrate for use In a 
surface acoustic wave device comprising the steps 

of: 

preparing a sapphire single crystal substrate 
made of a-Al203 and having an off-anc^ed sur- 
face which is obtained by rotating an R(1"102) 
surMce about [1 1 -20] axis by a given off-angle: 
depositing by MOCVD, on said off-angled sur- 
face of the sapphire single aystal substrate, a 
buffer layer made of a material selected from 
the group consisting of alun^num nitrkle and 
aluminum-gallium nitride; and 
depositing, on said buffer layer, an aluminum 
nitrkie angle aystal layer by MOCVD. 

1 3. The method according to claim 1 2. wherein said off- 
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angled surface of the sapphire single crystal sub- 
strate is obtained by rotating the R(M02) surface 
about the [1 1-20] axis in a negative direction by an 
off-angle not less than about 2^ 

5 

14. The method according to claim 12. wherein said 
buffer layer and aluminum nitride single crystal 
layer are successively and continuously deposited, 
while the sapphire single crystal wafer is main- 
tained in an CVD apparatus. io 

15. The method according to claim 14, wherein during 
the deposition of said buffer layer and aluminum 
nitride single crystal layer, the sapphire single crys- 
tal wafer is kept at a temperature 900-1 100°C. is 

16. The method according to claim 15. wherein said 
sapphire single crystal wafer is kept at about 950°C. 

17. The method according to claim 13. wherein said 20 
buffer layer is deposited with an average tfiickness 

of about 0.l-0.2 |lm; and said^aibnr^niim^nttild^^ 
gle crystal layer is deposited wHh an average thick- 
ness not less than about 2 ^m. 

25 

la. The method according to claim 17. wherein after 
depositing said aluminum nitride single crystal 
layer, a surface of the thus deposited aluminum 
nitride single aystal layer is polished to have an 
average thickness not less than akx>ut 2 ^m. 30 

19. The method according to claim 12, wherein prior to 
the deposition of said txjffer layer, said method fur- 
ther comprises a step of sukjecting the sapphire 
single crystal substrate to a hydrogen annealing. 3S 
and a step of subjecting the thus hydrogen 
annealed surface of the sapphire single crystal sub- 
strate to a nitrkJing treatment. 

20. A surface acoustic wave device comprising: 

a sapphire single aystal substrate made of a- 

AI2O3; 

a buffer layer formed on the sapphire single 
crystal substrate, saiti buffer layer being made 45 
of a material selected from the group consisting 
of gallium nitride and aluminum-gallium nftrkJe; 
an aluminum nitride single crystal layer formed 
on said buffer layer with an average thickness 
larger than that of the buffer layer; and so 
an interdigital electrode structure formed on 
said aluminum nitride single crystal layer. 

21. The device according to claim 20, wherein said 
buffer layer is formed on an off-angled surface of 55 
the sapphire single crystal substrate obtained by 
rotating an R(1 -1 02) suriace about a [1 1 -20] axis in 

a negative direction by a given off-angle. 



22. The device according to claim 21, wherein said off- 
angled surface is fbrmed by rotating the R(1-102) 
surface about the [11-20] axis in a negative direc- 
tbn by an off-angle not less than about 2^. 

23. The device according to daim 1. wherein said 
buffer layer has an average thickness of substan- 
tially 0.1-0.2 (un, and said aluminum nitride single 
crystal layer deposited on the buffer layer has an 
average thickness not less that about 2 ^m. 

24w The device according to claim 23. wherein said 
interdigital electrode structure is fbrmed on a pol- 
ished surfece of saM aluminum nitride single crystal 
layer. 

25. The device according to claim 20. wherein said 
substrate has an electromechanical coupling coeffi- 
cient of about 0.8 %. a temperature coefficient of 
frequency of about -20 ppnVC at a center fre- 
quency, and a surface acoustic wave propagating 
velocity higher than 5000 m^. 

2S. The device according to claim 25. wherein said 
interdigital electrode structure is formed such that 
the surface acoustic device operates at an opera- 
tion frequency not lower than 1 GHz. 



45 



8 



EP0999640A2 



FIG.l 




9 



EP0999 640 A2 



FIG. 4 





10 



EP0999640 A2 




11 



EP0999640 A2 




12 



EP 0999 640 A2 




13 



EP0999640 A2 




EP0999640A2 




The Number of Clacks on 3' Wafer 



15 



EP0999640A2 



FIG. 10 

21 24 




0 20 40 

Temperature [VJ 



16 



